Mutualistic interactions are taxonomically and functionally diverse. Despite their ubiquity, the basic ecological and evolutionary processes underlying their origin and maintenance are poorly understood. A major reason for this has been the lack of an experimentally tractable model system. We examine the evolution of an experimentally imposed obligate mutualism between sulfate-reducing and methanogenic microorganisms that have no known history of prior interaction. Twenty-four independent pairings (cocultures) of the bacterium Desulfovibrio vulgaris and the archaeon Methanococcus maripaludis were established and followed for 300 community doublings in two environments, one allowing for the development of a heterogeneous distribution of resources and the other not. Evolved cocultures grew up to 80% faster and were up to 30% more productive (biomass yield per mole substrate) than the ancestors. The evolutionary process was marked by periods of significant instability leading to extinction of two of the cocultures, but resulted in more stable, efficient, and productive mutualisms for most replicated pairings. Comparisons of evolved cocultures with those assembled from one evolved and one ancestral mutualist showed that evolution of both species contributed to improved productivity. Surprisingly, however, overall improvements in growth rate and yield were less than the sum of individual contributions, suggesting antagonistic interactions between mutations from the coevolved populations. Physical constraints on the transfer of metabolites in the evolution environment affected the evolution of M. maripaludis but not D. vulgaris. Together, these results show that challenges can imperil nascent obligate mutualisms and demonstrate the evolutionary responses that enable their persistence and future evolution.
/body Introduction
The existence of mutually beneficial interactions between species has often puzzled evolutionary biologists because of the benefits of avoiding costly investments in genetically unrelated populations (1, 2). Such interactions are thought to originate when species begin trading byproducts or evolve from parasitic relationships (2, 3) . The persistence of newly-formed, nascent mutualisms depends on their ability to adapt to several ecological challenges. The mutualists must initially use preexisting traits, so the functional basis for the mutualism is unlikely optimal. Second, their growth may be less stable because it depends on a resource that is produced by another population. This situation can lead to extinction of the mutualism if the abundance of one or both populations gets too low, or if one population stops cooperating, especially if the mutualism is obligate (1, 4, 5) . Finally, adaptation to mutualism may also be affected by properties of the environment in which the mutualism is occurring. In particular, the spatial distribution of interacting populations affects the transfer of resources between them and may be key to their stability (6) (7) (8) (9) .
The effect of these challenges on evolution of new mutualisms is difficult to study without the possibility of experimentation with the original populations. Some adaptations arising early in mutualistic associations from pre-existing traits have been identified through comparative analyses, a common approach for studying evolution (10, 11) . However, empirical data on the evolutionary and ecological dynamics giving rise to these adaptations is scarce because the original populations and ecological conditions are unknown.
Here, we use experimental evolution to address this issue while avoiding the methodological limitations of past comparative approaches. We control the selective environment and examine adaptations as they occur (12) and use microorganisms so that we can establish initially identical replicate populations and therefore analyze the role of chance events in determining evolutionary outcomes (13) . A similar approach has been used to rigorously examine a variety of questions involving interactions between genotypes and species, including the evolution of predator-prey interactions (14, 15) , the evolution of intraspecific cooperation (16, 17) and the ecological factors that stabilize commensal relationships against competition (7, 18, 19) . The evolution of mutual cooperation between distinct species has not been addressed with experimental evolution, except to explore the relationships between mutualism and parasitism (20) (21) (22) .
We now use experimental evolution to study the first steps in the evolution of a new mutualism that we formed by experimentally imposing a requirement for exchange of byproducts (3) . A nascent syntrophic mutualism was established by pairing the bacterium Desulfovibrio vulgaris Hildenborough with the archaeon Methanococcus maripaludis S2 (23) . This mutualism is based on interspecies transfer of hydrogen, a byproduct of anaerobic metabolism that is commonly exchanged among species that inhabit anoxic environments (24) . Both species can be propagated in pure culture on appropriate substrates, but in the conditions used in our experiments they can only grow through syntrophic cooperation, or 'feeding together'. In the absence of hydrogen and sulfate they feed together by cooperating to complete the following energy-yielding reaction: Syntrophies similar to our experimental system function in the sediments of freshwater lakes, the guts of ruminants, and anaerobic digesters used to process waste (23) . Desulfovibrio and related species may also function in syntrophies that degrade other complex growth substrates (24), sometimes involving obligate syntrophs (25) , may use carbon monoxide or formate in lieu of hydrogen (26, 27) , and may have acquired syntrophy related genes through horizontal gene transfer (28) .
The strains of D. vulgaris and M. maripaludis used here have been propagated in pure culture in the laboratory for years and were also isolated from very different environments (29, 30) , so the selective environment during adaptation to syntrophy is expected to be similar to that of a nascent mutualism. Both strains must rely on traits that have been adapted to pure culture growth. Their continued association is also dependent upon the individual success of both syntrophic partners. Finally, efficient interspecies transfer of hydrogen, and possibly other materials, depends upon the spatial distribution of each species and the resources they produce.
Thus, our experimental design also incorporated spatial heterogeneity as an environmental factor so we could test how the efficiency of byproduct transfer affected mutualist evolution.
To explore the evolution of this model mutualism, 24 nearly identical cocultures were evolved independently for 300 coculture doublings in two environments that promoted different distributions of populations, substrates, and metabolites. Throughout the experiment, nearly all of the cells were free-living and not aggregated. Twelve cultures were evolved in an environment where cells and substrates were uniformly distributed and metabolic byproducts were transferred by rapid shaking of the culture. The remaining twelve replicates were evolved in cultures that remained static during incubation (but mixed weekly for propagation), creating an environment in which substrates and metabolites could be transferred only by diffusion. To test how the heterogeneity of the environment affected the evolution of each species in mutualism, we isolated the species populations from each coculture and used them to produce cocultures of mixed ancestry. These cocultures were compared to cocultures with only ancestral or only evolved populations.
Results
Evolutionary changes in stability of syntrophic communities. The early stage of mutualist evolution was characterized by erratic growth (Fig 1) . (Fig. 1) .
Increases in growth rate and yield of evolved communities. As the cocultures became stable, they consistently achieved higher densities in stationary phase than at the beginning of the evolution experiment (Fig. 1 ). To test whether each coculture was also growing faster, we used freezer stocks of each evolved and ancestral coculture to inoculate media selective for D.
vulgaris and M. maripaludis, thereby separating the populations in each coculture. These populations were acclimated in pure culture conditions before being used to inoculate new cocultures to minimize differences in previous acclimation to syntrophic growth. We could therefore more accurately measure differences caused by genetic changes accumulated in evolved cocultures. Only twenty cocultures were tested in these experiments because two cocultures went extinct and two others did not reach their 45 th transfer for several weeks after these assays were completed.
Nineteen of the twenty cocultures tested exhibited a significant improvement in growth rate relative to the ancestor, indicating that one or both species had adapted to some aspect of the syntrophic environment. The average doubling time of the ancestral cocultures was 20 h (± 1.3, 95 % confidence interval) in the uniform (U) environment and 23 h (± 1.3) in the heterogeneous (H) environment. By contrast, evolved cocultures doubled every 13 hours on average when grown in the treatment in which they evolved (± 1.5, H-evolved; ± 1.7, U-evolved; when the U-evolved coculture that did not improve was removed the average for U-evolved cocultures was 12 ± 0.2 h). Thus U-evolved cocultures improved roughly 1.6-fold, while H-evolved cocultures improved 1.8-fold on average (Fig 2a) .
These evolutionary improvements in coculture growth rate could represent general adaptations to conditions that are the same in both treatments, such as the challenge of growing on lactate without an electron acceptor. In this case, evolved cocultures would perform similarly whether they were examined in the heterogeneous environment or the uniform environment.
Alternatively, the populations may have adapted to ecological conditions that are different in the two environments. In this case, cocultures that evolved in the uniform environment would perform poorly in the heterogeneous environment, and vice versa. This was tested by measuring the growth rate of all of the evolved cocultures in their alternate evolution environment (Fig. 2a) .
The magnitude of improvement in coculture growth rate was not affected by environment (F 1,18 = 0.41, p=0.531) or the interaction between the evolution and assay environment (F 1,136 =2.03, p=0.157). Thus, it appears that the populations have mostly adapted to general aspects of syntrophic growth and not specifically to the heterogeneity of the environment in which they evolved. Regardless of how they evolved, the relative improvement was greater when examined in the heterogeneous environment ( The observed improvements in growth rate and yield of all H-evolved cocultures were lower than could be predicted from additive and multiplicative models (Supplementary material, Table   S3 ). In cocultures H3, H5, and H6, growth rate improvements were significantly lower than both null models (p<0.05 in two-tailed, two-sample t-test, n=4) and in H1, H2, and H6 yield improvements were significantly lower. This result indicates that in the heterogeneous environment, there is a tendency toward antagonistic interactions between mutations affecting syntrophic growth efficiency in the coevolving populations. In U-evolved cocultures, antagonistic interactions between mutational effects were not universal.. Growth rate was lower than predicted by both null models for eight U-evolved cocultures and yield was lower in nine, but these differences were not statistically significant, with the exception of coculture U12. This coculture had a significantly lower growth rate than predicted by both models. In 5 U-evolved cocultures, the observed improvements in growth were either the same or slightly higher than predicted.
Discussion
There are few empirical examples of the initial stages of adaptation to mutualism. By experimentally imposing a mutualism and then monitoring its evolution, we were able to demonstrate rapid improvement in productivity and stability in response to the challenges of a new interdependent relationship. The evolved mutualism grew up to 80% faster and produced up to 30% more biomass than the ancestral pairings. Although evolutionary changes in both species contributed to improvements, the contribution of each population varied with the environment in which the mutualism evolved. Most significantly, all M. maripaludis populations that evolved in a heterogeneous environment contributed to a faster growth rate, whereas the contribution of those evolved in a uniform environment was highly variable, with some not contributing to improvement. The study also suggested that there are substantial challenges associated with the early stages in the evolution of this mutualism. This characteristic was demonstrated by initially erratic growth that led to extinction in 2 out of 24 cocultures.
When populations first engage in a mutualistic relationship, they must adapt to new growth conditions and are therefore most likely using preexisting traits for new functions. One of the first adaptations for mutualism may therefore be optimization of these traits for mutualistic performance. In support of this hypothesis both species in nearly every coculture appear to have substituted mutations that improved the overall productivity of syntrophy. Cocultures could grow faster and produce more cells even though the resources remained constant throughout the experiment. Each species contributed to one or both of these community-level changes, presumably because they were able to more efficiently use the available resources and hence, acquire more energy for growth.
In an obligate mutualism, growth may not occur if both interacting populations are not at a minimum density (4, 5) , the positive feedback between populations can lead to unsustainable levels of growth (4), and evolution may cause substantial fluctuations in the population densities of commensals (32) . Here, we showed that the growth dynamics of communities were erratic during the early evolution of an experimentally imposed obligate syntrophy. The cause of this erratic growth is unclear, but the extinction of two cocultures demonstrated significant ecological consequences. The surviving mutualisms eventually evolved stable, predictable responses to batch culture growth.
As populations evolve in mutualisms or other interactions, they acquire mutations that may affect not only their own fitness but also the environment for their coevolving partner. The coevolving partner may acquire mutations that mitigate or enhance these changes, depending on how they affect its fitness. This process underlies interactions between genotypes such as those described by Heath and Tiffin (33) between Sinorhizobium medicae and Medicago truncatulata genotypes.
A surprising result from our study was the tendency towards antagonistic interactions between coculture growth-enhancing mutations in some D. vulgaris and M. maripaludis populations.
These interactions between mutational effects could indicate an ecological constraint on growth of the syntrophy that limits the combined effects of two efficient syntrophs, each of which is capable of improving growth of both species, bringing syntrophy to near maximal levels. The species could also be actively competing for a limiting resource. For example, evolved D.
vulgaris may obtain more resources than the ancestor (e.g., incorporating more lactate into cellular carbon), thereby limiting growth opportunities for evolved M. maripaludis when they are together. In this scenario, M. maripaludis would have higher fitness without its evolved partner.
The efficiency of a mutualism based on byproduct exchange is affected by how easily goods can be transferred between interacting populations. In our experiments, one species maintains thermodynamically permissible conditions as a byproduct of feeding while the other produces a metabolic byproduct, hydrogen. The transfer of this metabolite to M. maripaludis was probably most efficient in the uniform environment where it was vigorously dispersed by mixing. In contrast, if hydrogen is not efficiently transferred between species in the heterogeneous environment (as might require their close proximity), its accumulation in the headspace during growth would reduce availability in liquid (23) . Inefficient hydrogen transfer is consistent with the observation that ancestral cocultures were slower and less productive in the heterogeneous environment.
Cocultures that evolved in the heterogeneous environment overcame this obstacle. They could grow as fast in the heterogeneous environment as all evolved cocultures could grow in the uniform environment. This evolved capacity required a special adaptation that was evidently not acquired by the uniform-evolved cocultures, which could not grow at maximal rates in the heterogeneous environment. Evolutionary responses to this challenge were confined to M. maripaludis, the species that used hydrogen for growth. All of the M. maripaludis populations from the heterogeneous evolution environment improved coculture growth rate, but few of the uniform-evolved M. maripaludis had this capacity. In contrast, this variable had a more subtle effect, if any, on adaptation in D. vulgaris.
Other research with microbial systems has shown that the diversification of populations into new niches (8, 34) , the evolution of exploitative relationships (7) and community diversity (6, 9) are affected by heterogeneous distributions of resources and populations that limit the diffusion of metabolites in communities. Our results confirm the importance of metabolite transfer rates on evolution of microorganisms. M. maripaludis relied on a diffusible metabolic byproduct for growth, and it had a different evolutionary response in the heterogeneous environment where this resource must be transferred through diffusion or in some way enhanced by interspecies contact.
In contrast, D. vulgaris relied on lactate, a soluble growth substrate that would be evenly dispersed in either heterogeneity treatment and it showed a similar evolutionary response in both environments.
In conclusion, using experimental evolution of a model microbial mutualism, we were able to demonstrate several evolutionary responses of nascent mutualisms that may be predicted intuitively but have rarely been examined empirically. This model system for studying mutualistic interactions is now poised to address a variety of issues relating to evolution of interacting populations, including testing how quickly coevolving populations become specialized to one another, the effects of adaptation to mutualism on solitary fitness, and also the genetic and physiological basis of adaptations to mutualism. Table S1 and error bars indicate standard error. 
Methods

Statistical models
The following statistical model was used to test whether the heterogeneity of the 
